INTRODUCTION

² F\OLQGULFDO PROHFXOHV ZLWK QDQRPHWHU GLDPHWHU DQG PLFURPHWHU OHQJWK >±@ ² DV EXLOGLQJ EORFNV RI QRYHO 7+] GH YLFHV >±@ ,Q WKLV SDSHU ZH VXPPDUL]H DQG GLVFXVV VHYHUDO VFKHPHV WR XWLOL]H WKH SK\VLFDO SURSHUWLHV RI FDUERQ QDQRWXEHV &17V IRU JHQHUDWLRQ DQG GHWHFWLRQ RI 7+] UDGLDWLRQ
CARBON NANOTUBES ASCERENKOV-TYPE TERAHERTZ EMITTERS
5HFHQWO\ WKH LGHD XVLQJ WKH NLQHWLF HQHUJ\ RI &17JXLGHG HOHFWURQ EHDP IRU VWLPXODWHG HPLV VLRQ RI HOHFWURPDJQHWLF ZDYHV LQ RSWLFDO DQG WHUDKHUW] UDQJHV KDV EHHQ SURSRVHG >±@ ,Q WKLV VHFWLRQ ZH SUHVHQW D FRQVLVWHQW WKHRU\ RI WKH HIIHFW 7KHUH LV D ZLGH IDPLO\ RI GHYLFHV XWLOL]LQJ WKH LQWHUDFWLRQ RI HOHFWURQ EHDPV ZLWK HOHFWURPDJQHWLF ZDYHV WR SURGXFH HOHFWURPDJQHWLF UDGLD
− e 2 m e c |ψ n | 2 A(r, t).
7KHQ DSSO\LQJ WKH VWDQGDUG SHUWXUEDWLRQ±WKHRU\ WHFKQLTXH >@ ZH REWDLQ WKH HTXDWLRQ GHVFULE LQJ WKH G\QDPLFV RI WKH FRHIficLHQWV δa l (t)
i ∂δa
ZKLFK LV REWDLQHG E\ VXEVWLWXWLQJ (T LQWR WKH 6FKU RGLQJHU HTXDWLRQ DQG LWV VXEVHTXHQW OLQ HDUL]DWLRQ ZLWK UHVSHFW WR WKH HOHFWURPDJQHWLF IieOG VWUHQJWK 7KH )RXULHU WUDQVIRUP RI (T JLYHV
l| A r, ω + ε l − ε n p +pA r, ω + ε l − ε n |n . 
+HUH ZH XVH WKH VWDQGDUG EUD DQG NHW QRWDWLRQ IRU WKH ZDYHIXQFWLRQV DQG PDWUL[ HOHPHQWV
|l = ψ l (r) 2QO\δj n (k, r ⊥ , ω) = − e 2 4m 2 e c lτ τ B nl (k, r ⊥ , ω) × − b * lτ b nτ [u * lτ (p n + τ ) + (p n + τ ) u * lτ ] u nτ ω + ε l (p n − k) − ε n (p n ) + b )RU FRQYHQLHQFH+ τ − τ DUH LQ WKH I UVW %ULOORXLQ ]RQH 7KH FRHII FLHQWV B nl (k, r ⊥ , ω) DUH JLYHQ E\ B nl (k, r ⊥ , ω) = τ τ b lτ b * nτ u nτ |(p n + τ ) A(k, r ⊥ , ω) +A(k, r ⊥ , ω) (p n + τ )| u lτ .
7KHQ E\ VXEVWLWXWLQJ (T LQWR (T ZH FRPH
. 
7KH XSSHU LQGH[ LQ
±ω + ε n (p n ) − ε l (p n ± k) = 0.(p n ± k) FDQ EH SUHVHQWHG E\ WKH WUXQFDWHG 7D\ORU VHULHV DV ε l (p n ± k) = ε l (p n ) ± k ∂ε l (p n ) ∂p n ≡ ε l (p n ) ± k v l , ZKHUH v l LV WKH HOHFWURQ JURXS YHORFLW\ 7KHQ WKH GHQRPLQDWRUV LQ FDQ EH UHSUHVHQWHG E\ ±ω + ε n (p n ) − ε l (p n ± k) ≈ ± (ω − kv l ± Ω nl ) + 1 2 ∂ 2 ε l ∂p 2 n k 2 .
7KH
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LQFUHPHQW LV IRXQG WR EH WKH UG URRW RI WKH HOHFWURQ GHQVLW\ 6XFK D GHSHQGHQFH LV W\SLFDO IRU WKH &RPSWRQW\SH UDGLDWLYH LQVWDELOLW\ >@ ,Q WKH RSSRVLWH FDVH ZKHQ WKH OLQHZLGWK LV OHVV WKHQ WKH GLIIHUHQFH EHWZHHQ WKH HPLVVLRQ DQG WKH DEVRUSWLRQ IUHTXHQFLHV ZH IDOO LQWR WKH UHJLPH RI strong quantum recoil impact ,Q WKLV FDVH RQO\ WKH WHUP FRUUHVSRQGLQJ WR WKH HPLVVLRQ VXUYLYHV LQ WKH GLVSHUVLRQ HTXDWLRQ ZKLFK WKHUHIRUH LV UHGXFHG WR
k − k m = b (m) nn 1 ω − v s k − 1 2 ∂ 2 ε n ∂p 2 n k 2 . $V D UHVXOW WKH LQVWDELOLW\ LQFUHPHQW LV JLYHQ E\ |Δk | = b (m) nn v n 1/2 ,
LH WXUQV RXW WR EH SURSRUWLRQDO WR WKH VTXDUH URRW RI WKH HOHFWURQ GHQVLW\ 1H[W ZH SUHVHQW D GHWDLO GLVFXVVLRQ RI WKH GLIIHUHQW JHQHUDWLRQ UHJLPHV DQG JLYH VRPH QX PHULFDO HVWLPDWHV RI SK\VLFDO SDUDPHWHUV FRUUHVSRQGLQJ WR WKHVH UHJLPHV
Boundary conditions for a finite-length nanotube ,Q 6HFV DQG GLVSHUVLRQ HTXDWLRQV KDYH EHHQ GHULYHG SURYLGLQJ XV ZLWK ZDYHQXPEHU HLJHQYDOXHV LQ DQ LQIinLWHOHQJWK &17 JXLGLQJ DQ HOHFWURQ EHDP $V D QH[W VWHS HGJH FRQGL WLRQV PXVW EH LPSRVHG XSRQ WKH V\VWHP WR DFFRXQW IRU WKH IinLWH OHQJWK RI WKH LQWHUDFWLRQ ]RQH
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7KHVH FRQGLWLRQV DUH VWDWHG DV WKH UHTXLUHPHQW IRU WKH SHUWXUEDWLRQV RI WKH HOHFWURQ DQG FXUUHQW GHQVLWLHV JHQHUDWHG E\ WKH HOHFWURQ EHDP ± HOHFWURPDJQHWLF ZDYH LQWHUDFWLRQ WR EH ]HUR DW WKH LQSXW RI WKH ZRUNLQJ ]RQH LH
δn e (z = 0) = δj n (z = 0) = 0 . 
7KH FRQGLWLRQ WKDW WKH WDQJHQWLDO HOHFWULF I HOG FRPSRQHQW DQG WKH D[LDO FRPSRQHQW RI WKH PDJ QHWLF IieOG EH FRQWLQXRXV RQ WKH &17 VXUIDFH \LHOGV DQ DGGLWLRQDO ERXQGDU\ FRQGLWLRQ :H ZULWH LW LQ WKH VLPSOLI HG IRUP >@ DV
E(z = 0) = αE(z = L) , ZKHUH α LVE(z) ∼ N i=1 c i exp ik (i) z ,
ZKHUH WKH VXPPDWLRQ LV SHUIRUPHG RYHU DOO HOHFWURPDJQHWLF PRGHV LQ WKH &17 WKH ZDYHQXP EHUV k (i) DUH GHWHUPLQHG E\ WKH FRUUHVSRQGLQJ GLVSHUVLRQ HTXDWLRQV 1RWH WKDW WKH UHIleFWLRQ RI WKH HOHFWURPDJQHWLF ZDYHV IURP WKH ERXQGDULHV EDFN LQWR WKH ZRUNLQJ ]RQH FUHDWHV SRVL WLYH IHHGEDFN LQ WKH V\VWHP DQG WKXV DOORZV WKH DFFXPXODWLRQ RI HOHFWURPDJQHWLF HQHUJ\ DQG SURYLGHV DQ RVFLOODWRU UHJLPH
Starting current at a large quantum recoil ,Q WKH TXDQWXP LQWHUDFWLRQ UHJLPH ZKHQ WKH TXDQWXP UHFRLO H[FHHGV WKH OLQHZLGWK WKH LQVWD ELOLW\ LV GHVFULEHG E\ WKH TXDGUDWLF GLVSHUVLRQ HTXDWLRQ ZLWK VROXWLRQV
k (1) DQG k (2) &RQ VHTXHQWO\ WKH HOHFWULF I HOG DQG WKH SHUWXUEDWLRQ RI WKH FXUUHQW GHQVLW\ LQ WKH ZRUNLQJ ]RQH DUH JLYHQ E\ E ∼ c 1 exp ik (1) z + c 2 exp ik (2) z , δj n ∼ c 1 δ 1 exp ik (1) z + c 2 δ 2 exp ik (2) z . 7KH FRHIIicLHQWV δ 1,2 = 1 − v n ω k (1,2) + 1 2ω ∂ 2 ε n ∂p 2 n k (1,2)2 LQWURGXFH GHYLDWLRQV RI WKH ZDYHQXPEHUV k (1) DQG k (2) IURP WKH V\QFKURQLVP DQG WKH FRHIIi- FLHQWV c i DUH GHWHUPLQHG IURP WKH ERXQGDU\ FRQGLWLRQV DV ZDV GLVFXVVHG LQ 6HFW 8VLQJ WKH ERXQGDU\ FRQGLWLRQV DQG ZH DUULYH DW WKH OLQHDU V\VWHP IRU c i DV IROORZV c 1 + c 2 = α c 1 exp ik (1) L + c 2 exp ik (2) L , c 1 δ 1 + c 2 δ 2 = 0 .
7KH QRQWULYLDO VROXWLRQ RI WKLV V\VWHP LV GHWHUPLQHG E\ WKH HTXDWLRQ
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7KH FXUUHQW GHQVLW\ VDWLVI\LQJ (T LV WKH threshold current density RI WKH JHQHUDWLRQ 7R HYDOXDWH WKLV TXDQWLW\ WKH FKDUDFWHULVWLF HTXDWLRQ PXVW EH VROYHG WRJHWKHU ZLWK (T 6XEVWLWXWLQJ WKH URRWV
,Q WKH OLQHDU VWDJH RI WKH UDGLDWLYH LQVWDELOLW\ GHYHORSPHQW WKH HOHFWURPDJQHWLF IieOG JURZV ZLWK WLPH DV exp(ω m t)
Starting current in the classical regime of interaction ,Q WKH FDVH ZKHQ TXDQWXP UHFRLO FDQ EH QHJOHFWHG WKH GLVSHUVLRQ HTXDWLRQ KDV WKUHH URRWV
k (1) = k m − b (m) nn ∂ 2 ε n ∂p 2 n k 2 m (ω − v n k m ) 2 k (2,3) = k ch ± i v n b (m) nn ∂ 2 ε n ∂p 2 n k 2 m k ch − k m .
DQG FRQVHTXHQWO\ WKH HOHFWURPDJQHWLF IieOG LQ WKH LQWHUDFWLRQ UHJLRQ LV JLYHQ E\ (T ZLWK N = 3 &RUUHVSRQGLQJO\ SHUWXUEDWLRQV RI WKH HOHFWURQ DQG WKH FXUUHQW GHQVLWLHV LQ WKH EHDP DUH
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ZULWWHQ DV 
7KH IROORZLQJ HTXDWLRQV GHVFULELQJ WKH G\QDPLFV RI WKH RSHUDWRUV FDQ EH SURGXFHG E\ XVLQJ (T ḃ
ks (t) = −iE (j) ks b (j) ks (t) − ie k1s1j ks| Φ (r, t)| r=Rj |k 1 s 1 j b (j) k1s1 , b (j)+ ks (t) = iE (j) ks b (j)+ ks (t) + ie k1s1j k 1 s 1 | Φ (r, t)| r=Rj |ks j b (j)+ks (t) = b (j) ks exp −iE (j) ks t /HW XV PDNH VXEVWLWXWLRQ b (j) ks (t) = b (j) ks (t) exp −iE (j) ks t 7KHQ (T FDQ EH UHGXFHG WR db (j) ks (t) dt = −ie k1s1 ks| Φ (r, t)| r=Rj |k 1 s 1 j b k1s1 exp i E (j) ks − E (j) k1s1 t , db (j)+ ks (t) dt = ie k1s1 k 1 s 1 | Φ (r, t)| r=Rj |ks j b (j)+ k1s1 exp −i E (j) ks − E (j) k1s1 t . &RQVLGHULQJ HOHFWURPDJQHWLF IieOG LQ (T DV D SHUWXUEDWLRQ DQG H[SDQGLQJ RSHUDWRUV b (i) ks = b (i0) ks + δb (i) ks ZH HDV\ WR SURGXFH LQ OLQHDU DSSUR[LPDWLRQ WKH IROORZLQJ H[SUHVVLRQV IRU WKH WHPSRUDO )RXULHU FRPSRQHQW RI DQQLKLODWLRQ DQG FUHDWLRQ RSHUDWRUV δb (i) ks (ω) = e ω k1s1 b (i0) k1s1 ks| Φ r, ω + E (i) ks − E (i) k1s1 r=Ri |k 1 s 1 i , δb (i)+ ks (ω) = − e ω k1s1 b (i0)+ k1s1 k 1 s 1 | Φ r, ω − E (i) ks + E (i) k1s1 r=Ri |ks i .
6XEVWLWXWLQJ (T LQ WKH H[SUHVVLRQ IRU HOHFWULF FKDUJH GHQVLW\ \LHOGV LQ OLQHDU DSSUR[L PDWLRQ
ρ (i) ⊥ (r ⊥ , ω) = e 1,2 ψ (i) * k2s2 (r ⊥ ) ψ (i) k1s1 (r ⊥ ) k 1 s 1 | Φ (r, ω)| r=Ri |k 2 s 2 i ω + E (i) k2s2 − E (i) k1s1 × 0 b (i0)+ k2s2 b (i0) k2s2 − b (i0)+ k1s1 b (i0) k1s1 0 i .
$V D UHVXOW WKH 3RLVVRQ HTXDWLRQ FDQ EH ZULWWHQ LQ WKH FORVHG IRUP UHODWLYH WR WKH HOHFWULF SRWHQWLDO DV
ΔΦ (r, t) = −4πe
,Q (T R i LV WKH UDGLXV RI WKH i th ZDOO RI 0:17 %\ QHJOHFWLQJ WKH GLIIUDFWLRQ DQG SHU IRUPLQJ WKH )RXULHU WUDQVIRUP RI HTXDWLRQ E\ WKH ORQJLWXGLQDO FRRUGLQDWH z DQG E\ WKH DQJOH ϕ ZH UHGXFH (T WR WKH IROORZLQJ IRUP
1 r d dr r dΦ (r, k, ω, m) dr − k 2 + m 2 r 2 Φ (r, k, ω, m) = −4πe 2 i 1,2 a (i) k2s2τ2m2 2 a (i) k1s1τ1m1 2 ω + E (i) k2s2 − E (i) k1s1 Φ (r, k, ω, m) δ (r − R i ) × 0 b (i0)+ k2s2 b (i0) k2s2 − b (i0)+ k1s1 b (i0) k1s1 0 i . ,Q (T {a (i) ksτ m } DUH
WKH FRHIIicLHQWV LQ WKH H[SDQVLRQ RI FRUUHVSRQGLQJ HOHFWURQ %ORFK IXQFWLRQV 7KH ZDYH QXPEHUV DQG D]LPXWKDO QXPEHUV RI WKH LQLWLDO DQG IinDO VWDWHV VDWLVI\ WKH HTXDWLRQV
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,I DQ DGGLWLRQDO HOHFWURQ EHDP SURSDJDWHV LQ WKH QDQRWXEH WKHQ LQVWHDG RI JURXQG VWDWH
|0 i WKH VWDWH |0, k b i VKRXOG EH XVHG LQ (T DQG WKH PDWUL[ HOHPHQW 0 b (i0)+ k2s2 b (i0) k2s2 − b (i0)+ k1s1 b (i0) k1s1 0 i VKRXOG EH UHSODFHG E\ 0, k b b (i0)+ k2s2 b (i0) k2s2 − b i(0)+ k1s1 b (i0) k1s1 0, k b i +HUH k b DUH WKH TXDQWXP QXPEHUV GHVFULELQJ WKH HOHFWURQ EHDP
Boundary conditions and the dispersion equation for an electromagnetic wave in a MWNT
$W r = R i WKH VROXWLRQ RI (T IRU WKH HOHFWULF SRWHQWLDO Φ (r, k, ω, m) KDV WKH IROORZLQJ IRUP A 1 I m (kr) r < R 1 A i I m (kr) + B i K m (kr) R i < r < R i+1 B N +1 K m (kr) r > R N . +HUH R i LVΦ (R i + 0, k, ω, m) = Φ (R i − 0, k, ω, m) , dΦ (R i + 0, k, ω, m) dr − dΦ (R i − 0, k, ω, m) dr = −4πe 2 1,2 a (i) k2s2τ2m2 2 a (i) k1s1τ1m1 2 Φ (R i , k, ω, m) ω + E (i) k2s2 − E (i) k1s1 × 0 b (i0)+ k2s2 b (i0) k2s2 − b (i0)+ k1s1 b (i0) k1s1 0 i .
7KH IirVW FRQGLWLRQ LQ (T FRUUHVSRQGV WR FRQWLQXLW\ RI WKH HOHFWULF SRWHQWLDO 7KH VHFRQG ERXQGDU\ FRQGLWLRQ UHIleFWV GLVFRQWLQXLW\ RI WKH SRWHQWLDO GHULYDWLYH GXH WR VXUIDFH FKDUJH RQ WKH ZDOOV 7KLV FRQGLWLRQ LV GHULYHG E\ WKH LQWHJUDWLRQ RI LQ WKH YLFLQLW\ RI WKH ZDOO 6XEVWLWXWLQJ (T LQ (T JLYHV WKH IROORZLQJ V\VWHP IRU WKH FRHIIicLHQWV
A i DQG B i ⎧ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎨ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎩ A i+1 I m (qR i ) + B i+1 K m (qR i ) = A i I m (qR i ) + B i K m (qR i ) A i+1 dI m (qR i ) dr + B i+1 dK m (qR i ) dr − A i dI m (qR i ) dr − B i dK m (qR i ) dr = − 4πe 2 1,2 a (i) k2s2τ2m2 2 a (i) k1s1τ1m1 2 ω + E (i) k2s2 − E (i) k1s1 0 b (i0)+ k2s2 b (i0) k2s2 − b (i0)+ k1s1 b (i0) k1s1 0 i × (A i I m (qR i ) + B i K m (qR i )) .
Dispersion equations for waves in MWNTs
7KH GHSHQGHQFH RI WKH FRHIIicLHQWV LQ WKH (i + 1) th ZDOO RQ WKH FRHIIicLHQWV LQ WKH i th ZDOO FDQ EH GHULYHG IURP (T DQG LW KDV WKH IRUP
A i+1 = A i − f i I m (kR i ) K m (kR i ) A i − f i K m (kR i ) K m (kR i ) B i , B i+1 = B i + f i I m (kR i ) I m (kR i ) A i − f i K m (qR i ) I m (qR i ) B i .
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7KH OLQHDU V\VWHP PXVW EH VXSSOHPHQWHG E\ WKH FRQGLWLRQV
A 1 = 0 B N +1 = 0 ZKHUH N LV[1 + f 1 I m (kR 1 ) K m (kR 1 )] [1 + f 2 I m (kR 2 ) K m (kR 2 )] −f 1 f 2 K m (kR 2 ) K m (kR 2 ) I m (kR 1 ) I m (kR 1 ) = 0.
,Q WKH OLPLWLQJ FDVH ZKHQ WKH HOHFWURQ V\VWHP LV WKH FODVVLFDO PRWLRQOHVV SODVPD WKH GLVSHUVLRQ HTXDWLRQ KDV WKH IROORZLQJ IRUP
1 − ω 2 L1 (m 2 +k 2 R 2 1 )Im(kR1)Km(kR1) ω 2 R1 1 − ω 2 L2 (m 2 +k 2 R 2 2 )Im(kR2)Km(kR2) ω 2 R2 − ω 2 L2 ω 2 L1 (m 2 +k 2 R 2 2 )(m 2 +k 2 R 2 1 ) ω 4 R1R2 K m (kR 2 ) K m (kR 2 ) I m (kR 1 ) I m (kR 1 ) = 0.
Tight-binding method for deriving the wave dispersion equation
7KH HOHFWURQ ZDYH IXQFWLRQ LQ D 0:17 ZDV FRQVLGHUHG DV EHLQJ FRQFHQWUDWHG LQ WKH QDQRWXEH OD\HUV %XW HOHFWURQV FDQ WXQQHO IURP RQH OD\HU WR DQRWKHU /HW XV GHULYH WKH GLVSHUVLRQ HTXDWLRQ WDNLQJ DFFRXQW VXFK WXQQHOLQJ IRU PXOWLOD\HU JUDSKHQH 1RZ WKH HOHFWURQ ZDYH IXQFWLRQ LV FRQVLGHUHG DV WKUHH GLPHQVLRQDO DQG LVQ ¶W ORFDOL]HG RQ OD\HUV 7KHQ (T LV UHSODFHG E\
ΔΦ (r, t) = −4πe 
7KH HOHFWURQ ZDYH IXQFWLRQ LQ D PRQROD\HU RU LQ D IHZ OD\HUV RI JUDSKHQH LQ WKH WLJKWELQGLQJ DSSUR[LPDWLRQ FDQ EH ZULWWHQ DV
ψ ks = c Ai ψ Ai k (r) + c Bi ψ Bi k (r). +HUH ψ Ai k (r) , ψ Bi k (r) DUH WZR WLJKWELQGLQJ %ORFK IXQFWLRQV SHU OD\HU 7KHUH DUH WZR W\SHV $ DQG % RI FDUERQ DWRPV LQ HDFK JUDSKHQH SODQH i KHQFH ψ Ai k (r) = 1 √ N Ai φ A (r − r Ai ) exp {ikr Ai } , ψ Bi k (r) = 1 √ N Bi φ B (r − r Bi ) exp {ikr Bi } .
RWKHU ZDYH IXQFWLRQV DUH FRQFHQWUDWHG QHDU WKH GLIIHUHQW OD\HU 7KH )RXULHU WUDQVIRUP RYHU WKH WUDQVYHUVH FRRUGLQDWH RI (T ZLWK WKLV VHW RI ZDYH IXQFWLRQV JLYHV
.
6XEVWLWXWLQJ (T LQ
A i = ρ Ai (z) dzΦ (z, k, ω) DQG B i = ρ Bi (z) dzΦ (z, k, ω) JLYHV D
KRPRJHQHRXV V\VWHP RI OLQHDU HTXDWLRQV (TXDWLQJ WKH GHWHUPLQDQW RI WKLV OLQHDU V\VWHP WR ]HUR OHDGV WR WKH GLVSHUVLRQ H[SUHVVLQJ WKH IUHTXHQF\ WKURXJK WKH ZDYH YHFWRU
Estimation of wave retardation in double-wall nanotubes and bilayer graphene 7KH GLVSHUVLRQ HTXDWLRQ KDV WKH VLPSOH DQDO\WLFDO VROXWLRQ
ω 2 = ω (0)2 1 +ω (0)2 2 2 ± ω (0)2 1 −ω (0)2 2 2 2 + F 2 . +HUH ω (0)2 i = ω 2 Li (m 2 +k 2 R 2 i )Im(kRi)Km(kRi) Ri F 2 = ω 2 L2 ω 2 L1 m 2 + k 2 R 2 2 m 2 + k 2 R 2 1 R 1 R 2 K m (kR 2 ) K m (kR 2 ) I m (kR 1 ) I m (kR 1 ) , ω 2 Li = 4πe 2 n ei /m LV VXUIDFH /DQJPXLU IUHTXHQF\ VTXDUHG DQG n ei LV WKH VXUIDFH HOHFWURQ GHQ VLW\ ,W FDQ EH VHHQ WKDW LQ WKH FDVH ZKHQ k(R 2 − R 1 ) 1

QUASI-METALLIC CARBON NANOTUBES AS TERAHERTZ EMITTERS
IRUPXOD I ≈ (4e 2 /h)V WKH GLVWULEXWLRQ IXQFWLRQ RI KRW HOHFWURQV LV f e (k) = 1, 0 < k − k 0 < Δε/2hv F 0, k − k 0 > Δε/2hv F . 7KH GLVWULEXWLRQ IXQFWLRQ IRU KRW KROHV f h (k) KDV WKH VDPH IRUP DV f e (k) /I ν = 8πe 2 ν 3c 3 i,f f e (k i )f h (k f ) | Ψ f |v z | Ψ i | 2 δ(ε i − ε f − hνΨ f |v z | Ψ i = bω if 8 δ k f ,ki , ZKHUHhω if = ε i − ε f LV WKH HQHUJ\ GLIIHUHQFH EHWZHHQ WKH LQLWLDO (i) DQG WKH IinDO (f ) VWDWHV
